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AN EVALUATION OF THE EFFECT OF INSTALLED
CALORIMETERS ON THE IMPINGING HEAT FLUX DENSITY

INTRODUCTION

The initial concept of Task Order 9 was to investigate the effect of the
size of calorimeters on the impinging heat flux densities ator near the exit
of rocket engines. Preliminary calculations revealed that the size of the
sensor might not be so important, but that the temperature of the sensor
relative to its surroundings could have a large influence on the impinging
heat flux density. Therefore, the purpose of this task order was to
investigate analytically and experimentally the effects of both sensor tempera-
ture and size on the impinging heat flux density.

Specifically, the study was to determine both analytically and experi-
mentally whether a calorimeter mounted in a plane wall having a higher
surface temperature than the calorimeter will indicate an erroneous heat
flux density as a result of the surface temperature difference, and to
determine whether the size or location of the calorimeter has any influence
on the error.

In order to predict the effect of surface temperature differences on the
total heat flux density, it is necessary to consider the effect which this has on
each of the various modes of heat transfer existing in the flight installation,
and then relate the change, or error, in each, to the total heat flux density
sensed by the calorimeter.

The effect of surface temperature discontinuities on the local convective
heat transfer coefficient to a flat plate has been studied by several investi-
gators.1™6 The general conclusion has been that a surface temperature
discontinuity results in a marked change in the convective heat transfer
coefficient in the region of the discontinuity.

Rubesin' derived expressions for the heat transfer coefficient to a flat
plate downstream of a surface temperature discontinuity for the case of a
turbulent, incompressible boundary layer. He determined the constants in
his equations from an experimental investigation by Scesa? Other investi-
gators®75 have since determined expressions similar to Rubesin's but having
different exponential constants. Reynolds, Kays, and Kline® concluded from
theoretical and experimental investigations that the Rubesin equation predicts
heat flux densities which are too high, a conclusion which has singe been
substantiated by data reported by Eichorn, Eckert, and Anderson.

SOUTHERN RESEARCH INSTITUTE




-9-

From Rubesin's analysis and their own experimental investigation,
the Advanced Technology Division (ATL) of American Standard concluded
that large surface temperature discontinuities could cause the heat flux
density indicated by a membrane calorimeter to differ by as much as 30
to 40% from the heat flux density to an isothermal surface! ® The difference,
they concluded, is due to a change in the heat transfer coefficient near the
discontinuity. Their experimental investigation was performed using a
C-1118 membrane calorimeter mounted in a copper plate to simulate the
isothermal case, and in firebrick and ceramic-coated surfaces to simulate
the nonisothermal case. Variable heating rates were provided by an
oxy-acetylene torch directed parallel to the surface.

From similar tests on a nickel slug calorimeter, ATL concluded that
their calibrations using both radiative and convective sources were similar
until the heat flux density exceeded 15 Btu/ft?/sec.

A preliminary analysis made here revealed that the major influence
is not size of the sensor, but the temperature of the sensor relative to the
surrounding material, so the subsequent analysis was directed toward the
effect of surface temperature differences between the calorimeter and its
surroundings on the impinging heat flux density. The analysis was based
on turbulent, incompressible flow over a flat plate. It was concluded that
solely because of the differences in the temperature of the sensor and its
surroundings a colder calorimeter would be exposed to as much as 409
greater total heat flux density (radiation plus convection) for the case of
any sensor at, say, 300°F with the surroundings at 1700°F to 3000°F. Also,
slug and membrane calorimeters (of the same or different sizes) at greatly
different surface temperatures of perhaps 1200°F would receive total heat
flux densities different by as much as 309% when the convective fluid was
at 4000°F. At flame temperatures of 6000°F, this difference would be of
the order of 15% due to the increased influence of the radiative heat flux
density, but the absolute error would remain approximately 40%. A further
error results from the increase in the convective heat transfer coefficient in
the vicinity of the discontinuity; however, it was suspectedthat this increase
is far less than predicted theoretically by Rubesin' and discussed by ATL®

The extent of the analytical studies made under this task order were
limited due to commitments on other task orders. Hence, the analysis was
not made in sufficient depth to predict the exact effect of a surface temperature
discontinuity existing at a calorimeter imbedded in a surface which was at
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a higher temperature. The analysis does point out, however, that differences
in calorimeter temperatures can cause large differences in the heat flux
densities regardless of the change in the heat transfer coefficients.

Experimental studies were performed on copper slug total calorimeters
mounted side by side in an isothermal surface. The relative effects of
calorimeter surface temperature and size on the impinging heat flux density
were studied by designing the sensors to operate at different surface tempera-
tures or by varying the size of the calorimeters.

THEORY

By independent analyses, several investigators®~® developed the following
expression for the heat transfer coefficient downstream of a step temperature
discontinuity
3 -
10

] (1)

col!-

h=h, [1-(%)

where h is the heat transfer coefficient downstream of the discontinuity, h_
is the heat transfer coefficient which would exist if the surface were
isothermal and I, and X are shown in the sketch below.
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Equation (1) applies to turbulent incompressible flow over a flat plate
with an unheated starting length (T, = T, where Ty is the free-stream
temperature). Rubesin arrived at the same expression as equation (1) with
the exception that the values of exponents were different:
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h=hy [1-(=) | (2)

Rubesin also extended his analysis to the case where the region of the
plate preceeding the discontinuity was at a temperature other than the free-
stream temperature (T, # T, ). The expression which he obtained was

T, - To T,- T L ¥ -%
hzhy §——— + R [1- (-—X——) ] LI<X<W (3)
T, "Too Ty Ty
- X
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Further, Rubesin integrated and averaged equation (2) to yield the ratio
of the average heat transfer coefficient over the region of the discontinuity
(W-L) to the local heat transfer coefficient which would exist at the center
of the region if the entire surface were at a uniform temperature T,.

%w: F(-}L—(-)+H(%)Z (4)

where h is the average heat transfer coefficient over the region L< X < W,

he is the local isothermal heat transfer coefficient which would exist at

W+ L
—5 L is the distance from the leading edge to the discontinuity, W is

the distance from the leading edge to the rear of the region considered and Z
is defined by

Ty, - T
Z= —-—= (5)
T, - T,
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where T, is the temperature downstream of the discontinuity, T, is the upstream
surface temperature and Ty, is the free-stream temperature. The functions

F (L'V-V—) and H ( %—) in equation (4) are plotted on Figures 1 and 2, respectively.

It should be noted that W in equation (4) is actually a distance parameter
which may be varied to change the dimensions of the region under consideration.
The assumption is tacit in the equation that whatever values the surface tempera-
ture may have downstream of W will not effect the heat transfer coefficient
upstream of W. The importance of the parameter W is that it is very useful
in obtaining a theoretical expression for the average heat transfer coefficient
over a small region. Rubesin stated that equation {4) could be applied to
plug type heat meters installed in the surface of a flat plate. In the case of a
plug type heat meter which was at a different temperature than the surface, L
would be the distance from the leading edge to the front of the plug and W the
distance from the leading edge to the rear.

The applicability of equation (4) to a small circular plug in a large plate
is questionable in view of the fact that the analysis was made for a two
dimensional boundary layer and does not include three dimensional effects
which the discontinuities around the sides of the plug would introduce. Since
this equation has not yet been satisfactorily correlated with experimental data
for a circular plug type heat meter, the exact applicability of equation (4) to
this situation is not known. However, experiments by ATL on circular
transducers led them to conclude that Rubesin's analytical expression
yielded values which approximated the experimental results.” °

L L .
Values of the functions F (W) and H (TN-), as determined by Rubesin,

indicate that this ratio will approach infinity as L./W approaches 1 (at the
perimeter of a calorimeter). This seems somewhat contradictory to
physical reality, and to some experimental data reported in reference 5.
Undoubtedly, the so-called infinite transfer occurs over a finite distance
and has but little effect on the average heat flux density into a sensor.

Since the heat flux density is given by the equation

a . 27T : (6)
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where k is the thermal conductivity of the fluid in the boundary layer, and
9 T
Byl|ly=o
the surroundings), Rubesin's equation predicts an infinite temperature gradient
at the calorimeter surface near the discontinuity.

is the temperature gradient at the surface (at the calorimeter or

Reynolds, et al, 3 performed experimental measurements of velocity
and temperature profiles in the boundary layer downstream of a step
change in surface temperature. They found that near the discontinuity, the
temperature profile departed from the predicted value; however, the heat
transfer coefficients were increased on the order of 50% near the discontinuity,
not infinitely as predicted. Thus, there is strong evidence to indicate that
the theoretical equations break down near the discontinuity.

The following analysis shows that calorimeters at different temperatures
may indicate considerably different heat flux densities. The purpose of the
calculations is to indicate the magnitude of the error in the total heat flux
density to calorimeters at surface temperatures different than the surroundings
in which they are located. Note that the convective error in these readings
would also be subject to an additional error in the heat flux density because
of the increase in the heat transfer coefficient at the edges of the calorimeter
due to the temperature discontinuity.

Consider the calorimeter to be a body embedded in a flat plate. The
plate and calorimeter are assumed to be at constant, but different, surface
temperatures. The calorimeter and surrounding plate are heated by a gas
at temperature T  flowing parallel to their surfaces with velocity u,. The
velocity is assumed to be sufficiently high that a turbulent boundary layer
exists next to the plate.

The net heat flux density to the calorimeter is given by the expression

q . 4 4
A e 0 (er Ty, 'OlfTS)'*'h(Too'Ts) (7)
where
q 2
O heat flux density, Btu/hr/ft
2
0 = Stefan-Boltzman constant = 0.173 x 1078 Btu/hr/ft /°R*
1

e' = effective emissivity of the surface —gf‘-—%-"--
e, = emissivity of flame
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ay = absorptivity of flame

T, = gas temperature, °R
Ty = surface temperature, °R
2
h = convective heat transfer coefficient, Btu/hr/ft /°F

We shall now consider the net contribution of each of these terms for
cases of a slug and a membrane calorimeter at surface temperatures of
1500°F and 300°F, and exposed to gas at 4000°F. The surrounding surface
temperature is assumed to be 1700°F. Assume each calorimeter is 2 inches
in diameter and that both are located 2 feet from the leading edge of the plate.
These conditions correspond approximately to the test conditions reported by
ATL."®

The radiant heat flux density will be calculated assuming an emittance
and absorptivity of the flame equal to 0.2. For luminous flames, these
values are conservative. The effective surface emittance es', based on an
actual emittance of 0.9, is 0. 95.

The radiant heat transfer to the slug calorimeter is then

Ce o 0173 To N (Is ) °
AT s % 73600 | \100 100 8)

which gives a value of approximately 35 Btu/sec/ft? to the slug calorimeter
and 36 Btu/sec/ft? to the colder membrane calorimeter, a difference of about
3 percent. As expected, for high flame temperatures, the lower surface
temperature exerts little influence on the net radiant heat flux density.

To determine the heat flux density by convection, a convective heat
transfer coefficient for the isothermal case will be determined. As an
initial approximation, the effect of surface temperature discontinuities will
be neglected.

Reynolds, Kays, and Kline'® have shown that the local heat transfer
coefficient for turbulent incompressible flow over an isothermal flat plate
is given by the expression

Ts -0.4
Nu_ = 0.0296 Pr °© ReX Y T (P
* Ty (9)

SOUTHERN RESEARCH INSTITUTE




-8-

where NuX is the local Nusselt number, Pr is the Prandtl. number and ReX
is local Reynolds number.

The fluid properties are evaluated at the free stream static temperature.
The ratio (Tg/T,) %% in equation (9) is a correction for temperature
dependent fluid properties. Equation (9) holds for Reynolds numbers from 10°
to 3.5 x 10°.

Although the fluid in this case is a mixture of the combustion products
of oxygen and acetylene, in order to simplify the calculations, the properties
of air will be used. Since the properties of air and most combustion gases
are quite similar, this substitution will have little effect of the final results.

Recall that for flow over a flat plate, a boundary layer forms at the
leading edge and increases in thickness with distance along the plate. The
flow in the boundary layer is laminar for a critical distance X, from the
leading edge, beyond which it becomes turbulent.

The transition from laminar to turbulent flow usually occurs where the

local Reynolds number is equal to 5 x 105. ' For the purpose of this analysis,
a value of 10° is assumed for Reynolds number.

The other properties of air at 4000°F are summarized below.
Pr= 0.8
k = 0.088 Btu/hr/ft?/°F

Substituting in equation (9) we get for the convective heat transfer
coefficient

s (1700) "¢
74000 |

. 0296 (.08;)(.8)'6 (109)

101 Btu/hr/ft?/°F

The heat flux densities to the two calorimeters (uncorrected for surface
temperature discontinuities) is

q\ . (4000 - 1500) .
A) e 101 3600 = 72 Btu/sec/ft

to the warmer calorimeter, and
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4000 -300
%> me = 101 -(—I&E‘)—OTT—')' 104 Btu/sec/ft

to the colder membrane calorimeter. The subscripts m and s refer to
membrane and slug calorimeters, respectively; ¢ denotes convection.

The results of these calculations are summarized in Table 1.

Thus, the total heat flux densities to the colder and warmer calorimeters
are 140 and 107 Btu/ft?/sec, respectively, a difference of approximately 30%.
Note that this difference is due entirely to the difference in the surface tempera-
tures of the two calorimeters. Also note from Table 1 that the true heat flux
density to the surrounding surface at 1700°F is 100 Btu/sec/ft?. The membrane
and slug calorimeters thus indicate values which are 40% and 8% high, respec -
tively.>

Returning to the basic heat flux density equation (7), consider the case
of a typical flight installation, where the flame temperature Ty, = 6000°F, and
the surface temperatures are 300°F and 1500°F for the membrane and slug
calorimeters, respectively. The surrounding surface temperature is
assumed to be 3000°F.

The following fluid properties are assumed;

Pr - 1 0
k = 0.1 Btu/hr/ft2/°F
Rex = 106

A heat transfer coefficient of 123 Btu/hr/ft2/°F was calculated and
assumed as applicable to both the insulated surface and the calorimeter.
The heat flux densities to the membrane and slug calorimeters were
calculated to differ by 13%, which is considerably better agreement than
for the prior case of lower flame temperatures. However, note that the
heat flux densities to the calorimeters differ by 41. 5% and 25. 5% from the
true heat flux density to the insulated surface. The effect of the calorimeter
temperature on the impinging heat flux density is thus readily apparent even
at the higher gas temperatures. The heat flux densities calculated from
equation (7) are summarized in Table 2.
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EXPERIMENTAL APPARATUS AND PROCEDURE

The experimental apparatus which was used in these studies is shown
on Figure 3. This setup consisted of 1) a rectangular duct, 2) total and
static pressure probes connected by a water manometer, 3) a gas temperature
thermocouple, 4) two test transducers mounted side by side in the duct, and
5) recording devices to measure the voltage output of the transducers. An
oxy-acetylene torch was used to provide a high temperature gas stream.

A rectangular duct was used in order to provide turbulent flow. It was
found that the oxy-acetylene torch did not provide a sufficiently high velocity
to yield turbulent flow over a flat plate for the length of duct space available.
The duct dimensions were 3 inches by %inch giving a hydraulic diameter of
0.856 inches. The ducts were constructed of firebrick coated with zirconium
oxide cement (Zircona Y-82 Cement) with the exception of ducts 5 and 6.
Duct 5 was constructed from zirconia plates and duct 6 was made of uncoated
firebrick.

The total and static pressure probes were made of graphite and were
used to measure the gas velocity. The probes were connected through a
manometer so that the differential pressure could be read directly in inches
of water. This reading was converted into flow velocity by using the
definition of velocity head for incompressible flow.

gHy
VT3 (10)

where g is the gravitational constant, H is the differential pressure in inches
of water, y is the ratio of the specific weight of water to the specific weight

of the gas at the flow conditions and V is the velocity in ft/sec. The assumption
of incompressible flow was valid at the low Mach numbers encountered.

The flow velocity was found to remain very constant during the run,
thus the water manometer was acceptable as a measuring device. Furthermore,
it was found that the gas velocities were fairly repeatable from run to run;
therefore, gas velocities were measured only for the first two test ducts.
For all following runs the velocity was assumed to be approximately that
measured in the first runs. This procedure did not lead to any additional
error since the only purpose of the velocity me asurement was to confirm
that turbulent flow existed in the duct.
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The gas temperature was measured with an iridium /iridium-60
rhodium thermocouple. This couple was mounted through the isothermal
wall and bent at a 90° angle such that it centered in the duct and was nearly
isothermal for a short length to reduce conduction losses,

The isothermal (duct) surface temperature was measured with a
chromel-alumel thermocouple mounted approximately -61—4 inch below the
duct surface. This couple was inserted through the firebrick, bent at an
angle of 90°, and cemented in place during the buildup of the duct. The
length of wire parallel to the duct surface of about a:}inch long was placed
in the leads to reduct conduction losses from the bead. In the last two
ducts platinum/platinum-10 rhodium thermocouples were used to measure
the surface temperature. These thermocouples were placed in a very small
groove running across the duct with the bead located in the center and the
leads extending to either side of the duct. This installation was found to
work equally well if not better than the previous installation.,

The slug calorimeters used are shown in Figure 4. As shown these
slugs were made of copper and grooved to increase the effective emittance
of the surface. Chromel-alumel thermocouples spot-welded to the back of
these transducers provided the emf-time measurements used in the heat
flux density calculations.

In order to measure surface temperature effects, two slug calorimeters
of 15 inch diameter were used; one being s inch thick and the other 3 inch
thick. The thicker calorimeter had the lower temperature rise with time,
therefore, providing the lower surface temperature. A theoretical analysis
of theg- inch thick calorimeters was made to evaluate the temperature lag
existing between the front and back face during transient heat flow. An
analysis for an infinite slab insulated on the back face and with a constant
heat flux density over the front face revealed that the temperature difference
would be about 8°F; however, the temperature lag remains approximately
constant with time, therefore, yielding the correct temperature-time slope
for heat flux density calculations. The only error introduced is in the value
of the specific heat used in the calculations, and this amounts to an error
of only 0.3%.

For studying the effects of calorimeter diameters, calorimeters of %
inch and 1 inch diameters andlz inch and 1 inch diameters were used. These
calorimeters were all -},— inch thick so that under identical heat flux conditions
they would exhibit the same temperature-time behavior.
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Before making a run, the duct was constructed by coating firebrick with
zirconium-oxide cement (Zircoa Y-82). During the buildup, the pressure
probes and gas and surface temperature thermocouples were cemented in
place. The duct was radiused on the front end as shown in Figure 3 to guide
the flow from the oxy-acetylene flame. The tangent point of the radius and
the straight run of the duct was taken as the leading edge for all measures
of the location of the calorimeters.

The calorimeters were all weighed and measured before attaching
the thermocouples. After these measurements, the thermocouples were
attached and calibrated for temperature versus emf output against a
standard thermocouple. The calibrations were performed with the calorimeters
attached to the galvanometer circuit of the oscillograph, which would be used
during the test, and with the correct length of lead wire. This calibration then
accounted for errors inherent in the thermocouple junctions as well as errors
arising from current requirements of the oscillograph. After the calibration
was complete, the calorimeters were installed in the duct and insulated on
the sides and bottomwith Fiberfrax with the exception of duct 6 for which
thermatomic carbon insulation was used.

The test assembly was then positioned in front of the oxy-acetylene
torchand all recording equipment connected. The outputs from the calorimeters
and the surface temperature thermocouple were recorded on a Midwestern
Instruments oscillograph, Model No. 621-5. The gas temperature was
recorded on a Moseley X-Y recorder. The measurements taken were (1)
the gas temperature, (2) the velocity head of the gas, (3) the emf versus
time outputs of the two calorimeters and (4) the emf versus time output of
the surface temperature thermocouple.

The heat flux density data were reduced from the temperature-time
data of the calorimeters by using the following standard equation.

Q@ . We AT
A A%aT (11)

2
where .Z_ is the heat flux density in Btu/sec/ft , -}—XV— is the weight to

cross-sectional area ratio of the calorimeter in lb/ftz, Cp is the specific
heat of copper in Btu/lb/°F and A T/A @ is the slope of the temperature-
time curve at a given time in °F/sec. The values used for the specific heat
of copper were taken from WADC TR-58-476 and are shown on Figure 5.
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Since the objective was to study the effects of thermal disturbances
on the convective heat flux, the radiation heat flux density had to be separated
from the total heat flux density measured by the test calorimeters. To
determine the radiation heat flux density, a radiation calorimeter was used.
The calorimeter (Chrysler Corporation Model N-118-6460 Serial No. 162)
utilized a copper slug calorimeter mounted in a stainless steel housing.
The calorimeter was separated from the flowing gas by a quartz window and
a helium purge was directed across the outer surface of the window. The
radiation calorimeter was calibrated against our "standard' copper slug
calorimeter for three different purge flow rates, and the measured heat flux
was found not to depend on the flow at the small flow rates used. The calorim-
eter was then installed in the duct, and the heat flux density was measured
at the approximate location at which the total heat flux sensors were installed.
From the radiation measurements, a curve of heat flux density versus the
surface temperature of the duct was obtained. The data obtained indicated that
the radiation from the CO,, CO and H,O gases in the oxy-acetylene flame was
6.5 Btu/sec/ft and was approximately constant for duct surface temperatures
from 0 to 550°F. Above 550°F, the gas radiation was augmented by radiation
from the upper duct surface which increased in a power curve with temperature.
The radiant heat flux density as a function of duct surface temperature and a
givengas temperature is shown on Figure 6. These experimental data were
used to obtain a convective heat flux density by subtracting the radiant
portion which impinged on the calorimeter at a given duct surface temperature
from the total measured heat flux density indicated by the slug calorimeters.

DATA AND RESULTS

Data were obtained on six different ducts which represented six
different experimental setups. A total of 19 runs were made of which 10
were considered valid. Table 3 gives all of the pertinent information on
the runs with regard to calorimeter size, location in the duct and the number
of runs made with each experimental setup. Typical temperature-time data
for an experimental run are shown in Figure 7. All of the data obtained
were not reduced and presented since obvious errors were apparent in some
of the readings due to various causes such as calorimeter insulation, loss
of a calorimeter or thermocouple indication, etc.

The data are presented in Tables 4through 7. The measured heat
flux densities were calculated by applying equation (11) to the calorimeter
data. The radiant heat flux densities were then subtracted from the

SOUTHERN RESEARCH INSTITUTE




-14-

measured heat flux densities to yield the desired convective data. The value
of the radiant heat flux density was obtained from Figure 6 which gives the
radiant heat flux density to a calorimeter as a function of the wall temperature.
The convective heat transfer coefficient was calculated from the equation
Y
h s e (12)
Tw - Te
where
2
h g heat transfer coefficient, Btu/sec/ft /°F

q. = convective heat flux density, Btu/sec/ft?
T, = gas temperature, °F

= calorimeter surface temperature, °F

The theoretical ratio of the average heat transfer coefficient, h, to the
coefficient which would exist for an isothermal surface, hoo, was calculated
from Rubesin's equation (4). These ratios were determined for both
calorimeters. The ratio of the average heat transfer coefficients for the
two calorimeters was obtained by dividing the two ratios H/hoo. All three
ratios are presented in Tables 4through 7.

The purpose of the runs made in ducts 2 and 3 was to ascertain the
effect of a surface temperature discontinuity on the convective heat flux
densities measured by calorimeters at different temperature. The two
calorimeters used in these runs were %inch and -g-inch thick, respectively.
These runs were made in a firebrick duct which was coated with zirconium
oxide cement. Both calorimeters were made the same diameter in order
to isolate the temperature effects from effects of calorimeter size or location.

Typical time-temperature plots for these runs are shown in Figure 7.
The convective heat flux densities measured by the two calorimeters are
shown in Figures 8, 9, 10, and 11. Also shown on the upper portion of the
figures is the difference in the surface and calorimeter temperature for
each of the calorimeters. Note that the higher temperature difference
represents the colder calorimeter since the surface temperature was the
same relative to each calorimeter.

Composite plots of the measured heat flux densities for the runs in
ducts 2 and 3 are shown in Figures 12 and 13, respectively. For all of these
runs the calorimeter with the lower temperature indicated a higher convective
heat flux density. Note that the difference in the convective heat flux densities
between the two calorimeters was considerably greater in duct 3 than in duct 2.
The reason for this is not known but probably relates to the physical aspects
of the system.
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Shown on Figures 14 and 15 are the ratios of the heat transfer coefficients
of the lower to the higher temperature calorimeter for ducts 2 and 3 respectively.
Also shown on these figures is the theoretical ratio as predicted by Rubesin.

Note from Tables 4 and 5 that Rubesin's analysis predicted a very small change
in the average heat transfer coefficient over that which would exist if the
surface were isothermal, hence the predicted ratio was also small. This

was due mostly to the fact that the surface temperature did not reach
sufficiently high temperatures to cause a large predicted change.

The ratios shown in Figure 14 for duct 2 were scattered about the
values predicted by Rubesin; however, this was rather inconclusive since
very little change was predicted. The ratios on Figure 15, however, were
considerably higher than those predicted by Rubesin. Theoretically one would
expect that the ratio of the heat transfer coefficients would increase as the
temperature discontinuity increased. This behavior was exhibited slightly
for the runs in duct 2 and a very definite trend in that direction was noted up
to 8 seconds for run 1 in duct 3. However, run 2 in duct 3 exhibited exactly
the opposite behavior, decreasing with an increasing discontinuity.

On Figures 16 and 17 the measured average heat transfer coefficients
are compared with the theoretical isothermal heat transfer coefficients
and the nonisothermal heat transfer coefficients as predicted by Rubesin
for ducts 2 and 3 respectively. Shown on these figures are the measured
average heat transfer coefficients, the theoretical local heat transfer
coefficient which would exist at the center of the calorimeters if the surface
were isothermal at the surface temperature, as predicted by the analysis of
Reynolds, et al,m equation (9), and the theoretical average heat transfer
coefficients as predicted by Rubesin, equation (4), based on the above
mentioned isothermal local heat transfer coefficient, hy,. Note that the
agreement between the measured and the theoretical values was poor. In
fact, generally, the curve of the measured average heat transfer coefficients
exhibited an entirely different character from the curves of the theoretical
values.

Shown on Figure 18 are the measured convective heat flufc densities
to calorimeters of different diameters. One calorimeter was 3" diameter
and the other was 1" diameter. They were made to have the same W ratios
so that under identical heat fluxes they would maintain identical temperatures
thus allowing the size effect (.l-l. ratio) to be studied. These runs were

made in a duct of firebrick coa¥ved with zirconium oxide cement.
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Note from Figure 18 that there was very little difference in the
convective heat flux densities measured by the two calorimeters. The heat
flux densities could be considered identical within the data scatter.

Shown on Figure 19 are the ratios of the average heat transfer coefficients
of the 1" diameter to the 15" diameter calorimeters. Also shown on this
figure is the theoretical ratio as predicted by Rubesin. Note from Table 6
that Rubesin predicted very little difference (less than 10 percent) between
the average heat transfer coefficients to the two calorimeters, hence the
predicted ratio was very nearly 1. The small predicted theoretical differences
in the average heat transfer coefficients to the two calorimeters was a result

of small temperature discontinuities. Also the(__) ratios were not large enough

to cause the function H(%‘V-) in equation (4) to override the function Z which

stayed small due to the lower than desired surface temperatures. Since
Rubesin predicted small differences and small differences were measured,
these runs were not a good check of the theory.

In order to obtain large differences in the (=3 L ) ratios along with higher
surface temperatures, %" and 1" diameter calorlmeters were mounted in an
uncoated firebrick duct. The convective heat flux densities measured in duct 6
for the L" and 1" diameter calorimeters are presented on Figure 20. The
surface temperature discontinuities at each calorimeter are presented on the
upper portion of this figure. Note that the surface temperature discontinuities
obtained with this duct were much higher than those obtained on previous runs.

Note also that the %" diameter calorimeter which had the larger( )ratlo

indicated a considerably higher flux density. This was to be expected from
the theory; however, the difference was much larger than predicted.

Shown on Figure 21 are the ratios of the average heat transfer
coefficients of the larger (_) ratio calorimeter to the smaller (_) ratio

calorimeter. Also'shown on this figure is the theoretical ratio as calculated
from Rubesin's theory. The measured ratio was much higher than that
predicted by the theory. However, it is believed that a large portion of this
difference resulted from experimental uncertainties due to the difficulties

in locating a very small calorimeter parallel to the flow direction and in
properly defining the insulation thickness.

A comparison of the measured average heat transfer coefficients with
the theoretically predicted values for duct 6 is given on Figure 22. The
local isothermal heat transfer coefficient used as an h,, base for the values
predicted by Rubesin were calculated from equation (9) as before. The
values measured with the larger (1-‘_) ratio calorimeter ( " dia. No. T)
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were considerably higher than the theoretically predicted values. The
measured average heat transfer coefficient for the calorimeter with the
smaller (%—'v_) ratio (1" dia - No. 9) were near the predicted values.

Because of the higher calorimeter temperatures attained in this
last run, the effect of reradiation from the calorimeter surface was
investigated. From calculations the maximum reradiated energy was less
than 4 percent of the incident radiant energy, so no correction was applied
to the data.

CONCLUSIONS

Qualitatively, the data bear out the original conclusion that a lower surface
temperature for a slug calorimeter results in a higher input convective heat
flux density. The difference is greater than one would expect solely due to the
temperature difference (T, - T,) across the boundary layer. Thus, it can
be concluded that the heat transfer coefficients to two calorimeters at different
surface temperatures are not identical. There is some difference in the
heat transfer coefficients probably resulting from edge discontinuities. A
major portion of the differences in the measured convective heat flux densities,
especially for duct 3, was attributed to experimental inaccuracies. These
inaccuracies were a result of differences in insulation thickness, the effects
of the grooved calorimeter surfaces, and the difficulty of correctly placing
the calorimeters flush with the surface. Exactly what inaccuracy each of
the above uncertainties contributed tothe total error was not determined;
however, no other explanation exists for the large differences in the measured
convective heat flux density between calorimeters for one duct and the smaller
differences for the other. Note that these same physical difficulties would
be present when installing a total calorimeter in a flight vehicle.

For the runs in duct 4 concerning the effects of the (L) ratio, both

the 3" and the 1" calorimeters (same thickness) measured approximately the

same convective heat flux density within the data scatter. Equation (4)
predicted very little difference in the convective heat flux densities to the
two calorimeters. One can only conclude that the (_I:_) ratios.used would

A . .
not cause significant differences in the input heat flux density at the relatively
low temperature (1000°F) of the surrounding material as used for this duct.

Higher duct temperatures and larger differences in the (_\LN‘/—) ratios

were obtained in duct 6 when using %" and 1" diameter calorimeters. However,

the data obtained from the %1-" diameter calorimeters rendered the results of the
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runs in these ducts questionable. The small calorimeter measured convective
heat flux densities which were extremely high, much higher (perhaps 100
percent) than theoretically expected or observed in runs in other ducts. This
leads one to the conclusion that the small size of the calorimeter compounded
the installation errors. Any flow interference caused by the -;-" diameter
calorimeters would have a much more pronounced effect on their readings
than the same interference caused by the larger calorimeter on its readings.
The run was not checked because the duct was destroyed.

RECOMMENDATIONS FOR FURTHER STUDY

The various causes of discrepancies in measured heat flux densities
discussed in this report have includéd some which could be verified and
some which were only conjectured. Whether all these factors, or only
a few, are present in a given installation, it is quite difficult to separate and
define them quantitatively so that they can be compensated for by suitable
calibration procedures. Since most of these sources or error are directly
related to temperature differences between the calorimeter and the surrounding
surface, the more practical approach is to design the calorimeter so that
its temperature rise matches that of the surroundings. This approach would
have the additional advantage of reducing heat exchange with the surroundings,
thus simplifying the problems of installation.

The surfaces in which the calorimeter are embedded experience a
rapid temperature rise. Thus, the calorimeter, if it is to exhibit the
same rise, must be capable of withstanding higher temperatures than the
commonly used slug or membrane calorimeters, in order to permit monitoring
through the entire flight.

One approach to this problem might be to use the base plate material
itself as a heat flux density transducer. Such a calorimeter would not be
subject to errors resulting from large temperature discontinuities at the
boundary, but other problems would undoubtedly be incurred.

A second solution might be found through the use of a refractory
material for the calorimeter, designed so that its temperature rise would
match that of the surrounding insulation. The graphite thermocouple
developed under Task Order 6 seems promising for this application. The
calorimeter would have to be carefully designed to match the anticipated
thermal conditions and mounting location; however, this approach appears
to present fewer problems than the alternate one of attempting first to
determine, and then to eliminate the several sources of error shown to
accompany the use of low temperature transducers.
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Another approach to the problem would be to mount the calorimeter in a
disc of material that represented an infinite thermal boundary when mounted
in the flight vehicle. This approach would permit precision mounting followed
by careful calibration that would not be influenced by the surrounding thermal
conditions in flight. Indeed, the output of the calorimeter could be calibrated
for the "cold wall' heat flux density.

Submitted by:

Y

E. D. Smyly
Assistant Engineer
Thermodynamics Section

Approved by:

{ Pears, Head

Mechanical Engineering Division
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Figure 4. Copper Slug Calorimeters Used in Various Tests
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Figure 6. Radiant Heat Flux Density Received by Calorimeter (with window)

SOUTHERN RESEARCH INSTITUTE




Surface and Calorimeter Temperature in °F

-26-

EENRRNEN
EE Duct 2 (Firebrick coated with Zircoa Y-82 Cement)
T Run 4 -
Z: Surface and calorimeter temperature recorded on
- Midwestern Instruments Oscillograph -
T Model No. 621-5 -
1 Gas temperature recorded on Moseley X~Y recorder. _
~—4- JLLL ) ] F i -
e iSurface Temperature of Duct j==h -
1000 -+ - HN <
- HH- /
g I . R
ANNEENEEE NN Gas Temperature]] 7]
800 MRS h => 1 4000
;,/:ff" N - EBRENN -
,, " A ’ i
600 F T . 3000
1~ T 7
ERE 1 V- L == Calorimeter 3 -
T HHF A :,;aﬂr': ::(% dia x %)
400 ST T ] 2000
- ] :
N T T
T T A LA ! -
200 e 1000
1 ’,__, - _‘—— 1 - .
¥ == Calorimeter 4
1T (} dia x §)
-1+ -4 EEN - 11—
0Ll L : 0
0 2 4 6 8 10 12

Time in Seconds

Figure 7. Typical Temperature-Time Data for Total Heat Flux Density

Measurements

Gas Temperature in °F

SOUTHERN RESEARCH INSTITUTE




-27-

80
EERE MRS SEESREERRs pEaE
T = 3720°F b e e
w . .
2 T
8
jq:,) 600 - Calorimeter 4°
) T
.g AN \ ]
5 C
E N
Q 400 L
H P
]
° ’
3 " <
£ [+ ' F aaper~qraats
a ol A -
- 200 —te N LIS
g AN e L 4+~ Calorimeter 3
o _—
& o7 *Fff: NnE . T TR
~ INEE
0&r it . e .
2 4 6 8 10 12 14
Time in Seconds
T T A T T T T PR TR
T Duct 2 (Firebrick coated with Zircoa Y-82 Cement)- -
_ Run 2 L X -
“Ht 11 X Calorimeter 3 (3 dia x 3) -
> -4+ ©O Calorimeter 4 (lg dia x £) H
@ i o e - ]
=]
) EERNNBEEEN RN ;
o 1 - .
X EREEN RN i
K 401 -
- EEEE mRNNE I == Calorimeter 4|
o & " NN I I
o i B
'F‘ o "A Y (U I U O S Y ( . f‘ I N _ - -
R ] 2= FENNE JRRNR RN pEnnp e
> -~ iy L - A -} - L= <~
o m Z -
8 = - uENEE = Calorimeter 3 L
. - EEERERAENE NN
0 |
2 4 6 8 10 12 14

Time in Seconds

Figure 8. Experimental Convective Heat Flux Densities and Surface Temp%ature
Discontinuities Measured by Slug Calorimeters with Different ( —A-) Ratios=Duct 2

SOUTHERN RESEARCH INSTITUTE




41 .l - J S T O - -
{RARRERERasE
= T = 3810w |-l ELLL Lt
5 - - LA ] )
0 T
% 600 et s
S o= O~Calorimeter 4 - ?_;F" .
= K
o A 1
3] ]
?"' 400 [T v
v - R i ' X-Calorimeter 3
: T 25D Lafal B ;
2 B
T 200 P ; T A ANREESRRERREEEERE
g -1 *w*./' ,5—"~' =t
e T p T
e 1
o IFV I 0 O o Y R O I
0 RN \ .’Ef. _ _t . - _d ~ L -
0 2 4 6 8 10 12
Time in Seconds
W =t b R A R R A R A A
- | Duct 2 (Firebrick coated with Zircoa Y-82 Cement)
.:*E’ EEEEES Run 4 N
% w; -1 X-Calorimeter 3 ($dia x %) 11 4
A . O-Calorimeter 4 (4 dia x 2) T 1T
e _
§ T N N R
e T JL 1 T2 RN + O - Calorimeter 4
28 AR+ A -
PRI O] I Al B I I _ .
o3 1 SN SENE) NN n
: & gaRcas e =t L
S 5 S ST L T -
20 s T : Eiaaa®455}
- T EEmn & X - Calorimeter 3
olbEH T A R NRNE
0 2 4 6 8 10 12

Time in Seconds
Figure 9. Experimental Convective Heat Flux Densities and Surface Temperature
Discontinuities Measured by Slug Calorimenters with Different ( -X/—) Ratios ~~Duct 2

SOUTHERN RESEARCH INSTITUTE




-929-

e TR T TH E S
: PR L R

- ] 1 Calorimeter 4R 17T} 1C ]
6001 T - N ANRERE e

400

T
I
i
T
i

]
T
]
{
7
(1
|
;
i
7
i
t
1
;e
'
|
' TN
L
T
NN

T duct surface - T calorimeter in °F

R RN A -
AT T 145 Calorimeter 3|1 H T
200 T T T T ? ] - SEA pREE

I
T
%
1
T
L\
%I
{
| ]
T
Il
]

Time in Seconds
R T R R R e RN EEa
Duct 3 (Firebrick coated with Zircoa Y-82 Cement) ;:; ﬁtj HHHH
60} ———H
- Run 1 —qu 1

- B - -4 1
X Calorimeter 3 (¥ dia x 3 11| |1 | ] TH T

O T W e

(U [ S S o -

O Calorimeter 4 (3‘2- dia x %) npE ERREE
T L saud RERNEEn) jFE . Calorimeter 4
40 1L . 4 d e A <>‘-' 0 2 o o e
T NIRRT . SR RN

S b
AR T e

N
13T
|
=
W
{
i
T
I
}A
=
|
T

JRE SN U I I O O I S -

20H-

in Btu/sec/ft?
|
~
XN
1
1
|

Convective Heat Flux Density

2
Zoi,_k o B A O I 0 9 Y 1 | 1] I
0 2 4 6 g 10

Time in Seconds

Figure 10. Experimental Convective Heat Flux Densities and Surface Temperature
Discontinuities Measured by Slug Calorimeter with Different ( —A-) Ratios—Duct 3

SOUTHERN RESEARCH INSTITUTE




4 I - - i — -
[ U GRS NN NN WY U NN A - e .;_1 .
f 80 - T
5 Tco = 3800°F } T
| )
9 EEES
g - - N
5 600j= . Bl AP
S -+ O - Calorimeter 4 TN\ |-11
g 1T N o
& : ] v :
; - . ::,’i)(_:_: T
§ 400 - *r— *i» R ’ 4] ‘—?#A L
by L | [ )',t ] ’J?: Ll AN
g i - ’?F e » | . L
§ A 7,4 g ]f :(_Qxld{‘ (& X - Calorimeter 3
o ANSNE SRR RSN ENERERD C AR 1 EEERE RSN
- 200 y > gl
. ERERRGY RN~ NN RN N
EEEENERERE RRERY { f;;)(" EEEE NN _ R -
N ‘//, 2 i
et HEH R
ol o fH s o B e
0 2 4 6 8 10
Time in Seconds
,,,,,,,,, |‘v|V|'|||l||||||l|l‘il||l0l|||E|l||.||], _
Duct 3 (Firebrick coated with Zircoa Y-82 Cement) -
> e
2 Run 2
@ 60 R . ) L T
& X - Calorimeter 3 (3 dia x §) -
A o - imeter 4 (% dia x 2 -
! ‘_Q,ﬂ,‘ Calonﬂmfe exi (z 5) g 7; Calorimeter 4
E IR PR i EREEN NN 74
- - - Ll S [ ipé
K 40 .
E«x BEERERREE BRI o AN ’
v E THTL” pEN B
o on » R I S I o Y
Q ~ - . I I 11 B
¢ 3 is | T i R S
M@ 0frrT T 4m }
SR F1Ir ng JNEEEE) T L ¥ - Calorimeter 3
I O SO S IO G OO O N (O I B J S S P .
ol - 1 |
0 2 4 6 8 10

Time in Seconds

Figure 11. Experimental Convective Heat Flux Densities and Surface Temperature
Discontinuities Measured by Slug Calorimeters with Different (K) Ratios— Duct 3
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Table 3

Summary of Information on Experimental Runs

Duct Run Calorimeter No, L Distance from Tangent Distance from Burner
No. No. and Dimensions w Point to Calorimeter Nozzle to Calorimeter Remarks
2
1 1 #1 - } dia. xi 0.800 4.5 in. 8% in.
#2-%dia. xg 0.800 Data not presented because the
calorimeters were uninsulated and
2 #1-}dia x3 0.800 4.5in 98 in. gave erroncous data.
#2-%dia.x% 0.800
2 1 #3 - ';dia. x{- 0.935 7.375 in. 9% in, Gas temperature thermocouple
#4 -%dia. x3 0.935 did not read
2 #3-Ldia. x§ 0.935 7.375 in. 9% in. .
#4-}dia. x} 0.935 Data appears good
1 c
3 #3-}dia. xg 0.935 7.375 in. 94 in. Calorimeter 3 did not read
#4-4dia. x3 0.935
4 #3-Ldia. x} 0.935 7.375 in. 9% in
#4-4dia. x3 0.935 Data appears good
3 1 #3-jdia. x} 0.800 4.5in. 85 in
#4 - -}dia. x% 0. 800 Data questionable because of seemingly
2 ¥3 - %dia. x% 0.800 4.51n Bﬁin erratic hehavior of Calorimeter 3
#4-%dia. xd 0. 800
4 i #5-Ldia. x} 0.895 4.5 in 93in
#6-1dia. x3 0.800
2 #5 - ydia. x 0.895 4.5 in. 9% in.
£#68-1dia. x¢ 0.800
3 #5 - §dia. x ; U.895 4.5in. 9{ in All data presented except Run 2 for
#6 - 1dia. x3 0.800 which gas thermocouple did not read
4 #5 - {dia. xi 0.895 4.5 in 04 in
#6 -ldia. x§ 0.800
5 #5-§dia. x4 0.895 4.5 in 93in
46 -1dia. x4 0.800
[ #5 - b dia. x4 0.895 4.5in 9%in
#6 - 1dia. x§ 0.800
5 1 47 - dia. x% 0.950 4.875 1% in
#9 - ldia. x5 0.814 Temperature of ¥ dia calorimeter kept
2 #7 - %dia. x4 0.950 4.875 75 in rising at end of testing. Runs 2, 3, and
#9 - ldia. x4 0.814 4 made in order to see if this
5 behavior continued. All runs indicated
3 #7-4dia. x} 0.950 4.875 Tiin heat fluxes which appeared far too low
#9 - ldia. x§ 0.814 and it was concluded that the calorimeter
4 #7 -4 dia. x§ 0.950 4.8175 7% in was improperly installed in the duct
#9 - 1dia. x4 0.814
8 1 #7- l7dia. XE 0.965 T in, 9 in Data appeared good. Calorimeter data
#9-1dia. x3 0.867 recorded on Moseley X-Y recorder.

‘Tdia calorimeter went to top of scale
before end of testing; could not observe
temperature decay. 1 dia calorimeter
temperature decayed very slowly
indicating good insulation. Firebrick
surface melted and prevented further
runs in this duct. Melting corresponded
well with measured surface temperature.
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